tions between cerebrovascular endothelial cells (Rapoport et aI., 1972; Brightman et aI. , 1973; Do rovini-Zis et aI. , 1983; Ziylan et aI. , 1983 Ziylan et aI. , , 1984 .
Several techniques have been employed to ex amine BBB integrity in humans. These include "1-scintigraphic brain scanning, positron emission to mography (PET), and computerized transmission axial tomography (CT), all of which employ intra vascular water-soluble molecules, which normally have a low permeability at the BBB, to detect brain regions with BBB damage (Blahd, 1971; Wing, 1976; Yen and Budinger, 1981; Neuwelt et aI. , 1983) . However, because of the absence of an ad equate model to evaluate the BBB integrity quan titatively, these techniques provide only semiquan titative data.
We thought it of interest, therefore, to develop a quantitative method to measure BBB integrity in humans, so as to localize BBB dysfunction in re lation to pathological changes within the brain. We decided to employ the reversible osmotic procedure to open the BBB in rhesus monkeys, as the param eters of this procedure and its effects have been reported fully in terminal experiments with rats and monkeys (Rapoport and Thompson, 1973; Ohno et aI. , 1978; Rapoport et aI. , 1980b) . We used a posi-tron-emitting tracer, [68Ga]ethylenediaminetetra acetate (EDTA), as a measure of BBB integrity, and employed PET to continuously monitor and localize brain radioactivity following intracarotid infusion of a hypertonic mannitol solution. Finally, we em ployed the theoretical model of Ohno et aI. (1978) to calculate the cerebrovascular permeability-sur face area product (PA) at different times following hypertonic mannitol treatment. This model involves the intravenous injection of a radio tracer that nor mally has a very low permeability at the BBB, to gether with the repeated monitoring of plasma ra dioactivity and the determination of regional brain radioactivity. An abstract of our results has been published (Kessler et aI., 1983) .
METHODS
Five adult rhesus monkeys, each weighing 5-10 kg, were anesthetized with intravenous sodium pentobar bital. A polyethylene catheter (internal diameter 0.094 cm, outer diameter 0. 12 1 cm; Formocath; Becton-Dick inson, Rutherlord, NJ, U.S.A.) was inserted into a fem oral artery and threaded under fluoroscopic control into an internal carotid artery. The head of the monkey was placed in the circular gantry of an ECAT II positron emis sion tomograph (ORTEC; Life Sciences, Oak Ridge, TN, U.S. A.), of which the full width at half maximum (FWHM) equals 1.75 cm in the medium resolution mode for in-plane resolution in a scattering medium and 1.78 cm axially (Phelps et aI., 1978; Kessler et aI., 1984) .
Thirty milliliters of a warmed (38eC) and filtered 25% (wt/vol) mannitol solution (Merck, Sharp and Do hme, West Point, PA, U.S.A.) was infused for 30 s into the catheter, at a constant rate of 0.86 ml sec -I (Rapoport and Thompson, 1973) . Immediately thereafter, 5-10 mCi [68Ga]EDTA in physiological saline, obtained from a gen erator (No. IGG-IOO; New England Nuclear, Boston, MA, U.S.A.) in which 68Ge was adsorbed on Al203 and 68Ga was eluted with 0.00 1 M EDTA (Greene and Tucker, 196 1) , was injected intravenously as a bolus. Serial scans, decay compensated and of 300-s duration, were per formed for up to 160 min, while sequential arterial blood samples were removed and counted for radioactivity with a Nuclear Data Model 6600 Multi channel analyzer inter faced to a 7.7-cm Nal well crystal.
In one monkey, 2 mUkg of a 2% (wt/vol) solution of Evans blue (Chroma-Gesellschaft, Stuttgart, ER.G.) in isotonic saline was injected intravenously as a visual in dicator of barrier opening. The animal was killed 47 min after hypertonic mannitol infusion into the carotid artery. The brain was removed and concentrations of [68Ga]_ EDTA were determined directly with the gamma well counter in three samples of the parietal lobe (where max imal staining of Evans blue was noted). In a second an imal, isotonic saline rather than 25% mannitol was in fused into the carotid artery prior to the intravenous in jection of [68Ga]EDTA and subsequent scanning. These animals were controls for the accuracy of PET measure ments and for the specificity of the mannitol effect on the BBB. Regional brain tracer concentration was determined by employing the "region of interest" program of the ECAT J Cereb Blood Flow Metabol, Vol. 4, No.3, 1984 II to outline a brain region and to obtain its average ECAT number. The latter value was converted to brain radio activity (dpm g-l) from a relation between radioactivity and ECAT number that had been determined by scanning phantoms of known radioactivity. For any scan, ECAT number = (calibration factor x activity x decay-com pensated time) -;-filter scale factor (Kessler et aI., 1984) . The relation between ECAT number and concentration was linear, with a slope of �25 ECAT numbers/nCi, when the ECAT II was in a medium resolution mode, with shadow shields, and had a filter scale factor of 60,000 and a reconstruction filter.
Regional tracer concentration was determined in both the perlused and nonperlused cerebral hemispheres; the difference represented the effect of perlusion, and pre sumably canceled out background effects caused by in travascular radioactivity and partial voluming from radio activity in the scalp and skull. Plasma radioactivity was calculated from whole blood radioactivity and the deter mined hematocrit, as we showed that virtually all intra vascular [68Ga]EDTA remained in the plasma compart ment.
Estimates of uncertainty of brain isotope concentra tions were made using a formula for calculating errors due to statistical fluctuations and reconstruction noise in emission tomography (Budinger et aI., 1978) . Because relatively large regions of interest were examined (i.e., most of one cerebral hemisphere) and because large doses of [68Ga]EDTA were administered (5-10 mCi for a 4-to 7-kg monkey), errors in the earliest measurements were on the order of 30%, and decreased thereafter as brain radioactivity accumulated.
RESULTS
In the three monkeys, carotid artery infusion for 30 s of a 25% mannitol solution significantly in creased the concentration of [68Ga]EDTA in the ce rebral hemisphere ipsilateral to the infusion, as compared with the concentration in the contralat eral hemisphere. In one monkey, however, mannitol caused no right-left difference in brain radioac tivity, and produced the same results as did isotonic saline infusion. The occasional absence of a man nitol effect agrees with direct observations that os motic BBB opening is not always produced by the carotid procedure in the rhesus monkey (Rapoport and Thompson, 1973) . Figure 1 illustrates serial scans from one of the three monkeys in which man nitol was effective, and demonstrates increased ra dioactivity in the ipsilateral cerebral hemisphere.
To calculate radioactivity in the cerebral hemi sphere ipsilateral to carotid infusion, contralateral ECAT numbers, which represent radioactivity due to the contralateral intravascular space and partial voluming effects from skull and scalp, were sub tracted from net ipsilateral ECAT numbers; the dif ferences were then converted to radioactivities. The quantities subtracted ranged from 69% of the net ipsilateral radioactivity in initial scans to 20% of the 1, "1 , ',I
net in scans at 1 ,800 s. In a typical initial scan, the net ECAT number on the ipsilateral side equaled 2,067, and that on the contralateral side equaled 1, 417. Figure 2 illustrates results from a study in which plasma and brain radioactivities were followed for up to 30 min after right-sided carotid mannitol in fusion and the intravenous injection of [68GaJEDTA. The time point recorded for measured brain radio activity was the mean of the scan time; a slight change in observation time would not have influ enced the results because of the large counting er rors involved (see Methods). As plasma radioac tivity declined from 16. 8 fLCi ml-1 at 90 s to 3. 64 fLCi ml-1 at 1, 800 s, parenchymal brain radioac tivity rose to 0. 41 fLCi g-l at 1, 800 s. During the period of measurement, plasma radioactivity mark edly exceeded brain radioactivity. However, be cause intracerebral [68GaJEDTA remains in the ex tracellular space, which approximates 20% of brain wet weight (Fenstermacher and Patlak, 1976; Ra poport, 1976) , the probable ratio of plasma radio activity to brain extracellular radioactivity at 1, 800 s equaled only 1. 79.
Experimental data were analyzed according to the following model, which takes into account the distribution of a tracer within the brain extracellular space, and assumes passive bidirectional exchange of tracer at the BBB (Ohno et aI. , 1978) . Let Cbrain (dpm g-I) equal parenchymal brain radioactivity, and let V equal the cerebral distribution volume of the tracer (V = 0.2 for [68Ga]EDTA) (Fenster macher and Patlak, 1976; Rapoport, 1976) . Let Cp la sm a (dpm ml-I) equal plasma radioactivity t (s) after the intravenous injection of [68Ga]EDTA, and let PA(t) equal the time-dependent cerebrovascular permeability-area product for the tracer. PACt) changes with time because, as has been demon strated in rats, BBB permeability is elevated im mediately following hypertonic treatment and then declines to an asymptote by � 1 h (Rapoport et aI. , 1980b; Ziylan et aI., 1983) . Brain radioactivity is given by the following equation, where CbrainlV rep resents the estimated tracer concentration in the brain extracellular space:
Rearrangement of Eq. 1 gives PACt) as the slope of the brain concentration plotted against time, di vided by the difference between plasma tracer and brain tracer available for back diffusion:
Cp las ma -CbrainlV
As illustrated by Fig. 2 , Cbr a in can be represented by a series of exponential terms (see Ohno et aI., 1978) , in which the-Ai values are constants in dpm g-I and the aj values are constants in s -I:
. (3) j
Differentiation then gives the slope of the brain con centration:
Similarly, the plasma concentration following in travenous [68Ga]EDTA can be represented as a sum of declining exponentials, where Bj values are con stants in dpm ml-I and I3j values are constants in S-I (Ohno et aI. , 1978) :
A nonlinear least-squares procedure (Knott and Shrager, 1972 ) was used to fit Eq. 3 to experimental brain concentrations and Eq. 5 to experimental plasma concentrations, in each of the three mon keys with significant BBB opening, to give esti mates of Aj, aj, Bj and I3j and resultant best-fit curves, examples of which are illustrated in Fig. 2 . Aj and aj were inserted into Eqs. 3 and 4 to provide time-dependent values for Cbrain and dCbrainld t in each animal, whereas Bj and I3j were inserted into Eq. 5 to give Cp l asma as a function of time. These expressions then were employed in Eq. 2 to obtain PA(t) as a function of time after [68Ga]EDTA injec tion for each of the three experiments. The resultant curves of P A(t) are illustrated in Fig. 3 . In the three monkeys, PACt) when extrapolated to t = 0 equaled 12,0 ± l .7 (S D) x 10-5 s -I, whereas at t = 1,800 s, it equaled 1.3 ± 0.4 x 10-5 s -I, or about one-tenth of the extrapolated peak value. Remarkably, the time courses of PACt) fol lowing BBB opening were quite similar in the three experiments. PA(t) fell by half from the extrapo lated value at �200 s, and at 500 s approximated 2.5 x 10-5 S-I. Asymptotes were approximated by �1 ,800 s.
,---------------------------
One monkey with a unilateral brain elevation of [68Ga]EDTA was killed at 47 min to compare PET estimates of radioactivity with directly measured radioactivity. Whereas the average ipsilateral brain concentration as obtained with PET equaled 0.2 9 ,... ., Ci g-I, direct determination demonstrated a mean value of 0. 58 ,... ., Ci g-I for three parietal regions of the osmotically treated side (range 0.4 4-0.7 1 ,... ., Ci g -I ) and of 0.050 fLCi g -I for the contralateral hemi sphere.
DISCUSSION
This study demonstrates that PET can be em ployed to determine quantitatively the cerebrovas cular permeability-area product [PA(t)l for the in travascular positron-emitting tracer [68GalEDTA following transient modification of the BBB by hy pertonic mannitol treatment. By subtracting radio activity in the cerebral hemisphere contralateral to carotid infusion from ipsilateral radioactivity, it is not necessary to estimate intravascular radioac tivity or to correct for partial voluming from the scalp and skull before calculating parenchymal brain radioactivity in the ipsilateral hemisphere (Ohno et aI. , 1978) .
Limitations of this model do exist, however. Hy pertonic carotid infusion occasionally may modify BBB permeability on the contralateral hemisphere (Rapoport and Thompson, 1973; Rapoport et aI. , 1980b) ; this possible error is ignored in the analysis. As [68GalEDTA can cross even the intact BBB to a small but significant extent (see below), the sub traction procedure to estimate the intravascular space may correct the data excessively, especially at later times when PA apparently approaches an asymptote. However, ECAT numbers on the con tralateral hemisphere are due not only to intravas cular brain radioactivity, but also to partial vol uming effects from the skull and scalp, which are quite high in the initial scans because of very high plasma-to-brain concentration ratios (Fig. 2) . Fi nally, the cerebral distribution volume, V, which is taken as 0. 2 for [68Ga]EDTA, probably is not con stant but varies somewhat following mannitol in fusion, owing to initial dehydration and delayed edema of the perfused hemisphere (Rapoport et aI. , 1980b) .
In the absence of right-left differences in brain radioactivity, the iterative method of Ohno et ai. (1978) could be used to estimate intravascular ra dioactivity and effects of partial voluming from the scalp and skull in the brain region of interest. Mea surements of net brain radioactivity by PET, im mediately following the intravenous injection of a tracer and at later times, and of whole blood ra dioactivities would provide an estimate of the intra vascular space if PA and V were constant and if partial voluming were minimal or could be esti mated.
In one monkey, brain parenchymal radioactivity as calculated with the ECAT II was about half the directly measured value. The difference may have reflected the relatively coarse spatial resolution of the ECAT II, which has a FWHM of 1. 75 cm in the medium resolution mode. A sphere with a diameter at least 2. 7 times the FWHM, or 4. 7 cm, is required for 98% recovery of quantitation (Hoffman et aI. , 1979; Mazziotta et aI. , 1981; Kessler et aI. , 1984) , but this optimal diameter is greater than the max imum horizontal thickness of the cerebral hemi sphere of the rhesus monkey, which approximates 3. 3 cm (Hines, 1971) . Furthermore, the brain sam ples in which radioactivity was determined directly were stained maximally with intravascular Ev ans blue, and therefore were regions of maximal BBB opening. Because of resolution limits of the ECAT II, however, it is likely that regions of lower ra dioactivities were included in the "region of in terest" that was analyzed.
A temporary increase in BBB permeability fol lowing hypertonic mannitol infusion in the monkey agrees with reports that the osmotic BBB effect in rats is largely over by 1 h (Rapoport et aI. , 1980b; Ziylan et aI. , 1983 Ziylan et aI. , , 1984 . The 10-fold difference be tween PACt) extrapolated to t = 0 and PA(t) at t = 30 min, following hypertonic mannitol infusion, also is of the order of magnitude found in rats (Ohno et aI. , 1979; Rapoport et aI. , 1980b; Ziylan et aI. , 1983 Ziylan et aI. , , 1984 , further suggesting that the in vivo measure ment of PA(t) with PET is accurate.
As far as we know, this is the first study in which the very early time course of PACt) has been deter mined following hypertonic BBB treatment in any species. In rats, PA for [14Clsucrose is -10-5 S-I in untreated brains, rises to -20 x 10-5 S-I during the initial 6 min following hypertonic infusion, then falls to -10 x 10-5 S-I at 35 min and to 3 x 10-5 S -1 by 1 h, and is entirely nomal within 24 h (Rapo port et aI. , 1980b; Ziylan et aI. , 1983 Ziylan et aI. , , 1984 . Fur thermore, the rate of decline of PA(t) is faster the larger the tracer molecule (Ziylan et aI. , 1983 (Ziylan et aI. , , 1984 .
The present study demonstrates a rapid decline of PACt) for [68GalEDTA in the first 6 min following hypertonic mannitol infusion. Therefore, if the os motic procedure is to be followed by carotid infu sion of a chemotherapeutic agent for treating brain disease, such as a brain tumor, the agent should be infused into the carotid circulation within 6 min after mannitol administration (Ohno et aI. , 1979; Barranger et aI. , 1979; Neuwelt et aI. , 1980) . Figure 3 indicates that PACt) for [68GalEDTA nor mally is somewhat less than 10-5 s -I, the approx imate value at 30 min after mannitol treatment. This estimate is close to PA for [14Clsucrose in rats, 10-5 S-I (Ohno et aI. , 1978; Rapoport et aI. , 1980b) , and for [5ICrlEDTA, a tracer with properties similar to those of [68GalEDTA (S�rensen, 1974) . The as sumption that [68Ga]EDTA is confined to a brain extracellular space of �20% of wet weight also is supported by direct evidence that intracerebral [51Cr]EDTA is confined to such a space (Fenster macher and Patlak, 1976; Rapoport, 1976) .
PET is noninvasive. Unlike CT, it does not em ploy contrast agents that are potentially neurotoxic and that can produce untoward side effects, in cluding convulsions, especially if the BBB is altered (Hoppe, 1959, Rapoport and Levitan, 1974; Wing et aI., 1976; Neuwelt et aI., 1980) . PET requires only arterial or arterialized venous blood samples and the continuous measurement of brain radioac tivity. As such, PET with [68Ga]EDTA might prove useful to measure and localize BBB dysfunction in humans in various pathological conditions.
